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ABSTRACT 
The  term pore complex is  proposed  for  approximately  cylindrical formations 
which are observed with the electron microscope to penetrate the nuclear envelope 
of cells.  Cross-sections of the pore complex are somewhat annular in shape,  but 
differ in appearance depending upon the level of the cross-section with respect to 
the nuclear surface. An explanation is offered for the apparent discrepancy between 
the width of pores in sections perpendicular to the nuclear envelope and the width 
of cross-sections of the pore complex in tangential sections. Channels associated 
with the pore complex extend deep into the nucleus. Although crescents and spirals 
of ribonucleoprotein particles were  otten  seen in  the immediate vicinity of  the 
outer nuclear membrane,  direct association with the pore complex was not ob- 
served. Many examples were found of pores that were not covered by a continuous 
membrane although the possibility of such a  coverin~ in  some cases is not  pre- 
cluded. 
INTRODUCTION 
The envelope surrounding the nucleus of animal 
and  plant  cells and  of  single-celled organisms has 
been found by electron microscopy  to be made up 
of  two  more  or  less  parallel  membranes  with  a 
spacing  in  the  range  of  100  to  300  A  (complex 
situations  encountered  in  certain  spermatids  (1) 
are not  considered here).  When  these membranes 
are observed in profile in the electron microscope, 
they are seen frequently to join on either side of a 
gap or pore of somewhat variable width (2, 3). The 
outer  of  the  two  membranes  is  sometimes  con- 
tinuous  with  membranous  elements  of  the  endo- 
plasmic reticulum which has led  to the suggestion 
that the nuclear envelope is a  specialized  element 
of  that system  (2).  Where the plane of sectioning 
is nearly parallel to and includes part of the nuclear 
surface,  ring-shaped  structures  or  annuli  (4)  are 
* These investigations were performed in part under 
contract with the United States Atomic Energy Com- 
mission at the University of Rochester, Atomic Energy 
Project, Rochester, New York, and in part with funds 
provided  by  Research  Grant  CY-3589  (C1)  from  the 
National  Institutes  of  Health,  United  States  Public 
Health Service. 
commonly seen with a  center-to-center spacing of 
about  1500 A.  It  seems  to  be  generally  accepted 
that pores and  annuli  represent different views of 
the same structure  (2,  3)  although interpretations 
differ somewhat in detail. The diameters of annuli 
have  been  consistently  reported  as  somewhat 
greater  than  the  width  of  pores  (2,  3).  Diffuse 
material  extending  into  both  the  cytoplasm  and 
nucleus  from  the  sides  of  the  pore  has  been  de- 
scribed by Afzelius (3).  Gall (5) has indicated that 
cytoplasmic  ribonucleoprotein  (RNP)  particles 
(6) may outline the annuli. Fine structure has been 
observed  in the annuli and  interpreted by Wisch- 
nitzer (7). The present communication attempts to 
clarify some points and to extend previous observa- 
tions of the author and of others. 
Methods 
Tissues were fixed in 1 per cent OsO4 buffered to pH 
7.3 with veronal-acetate, with or without the addition 
of  sucrose,  and  were  dehydrated  and  embedded  in 
butyl-methacrylate using conventional methods. Aral- 
dite (8) was tried, but provided insufficient contrast to 
reveal certain details.  In  order to  minimize confusion 
due  to  overlapping of  structure,  sections were  cut  as 
thin as possible.  In accordance with criteria described 
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The nomenclature used in the text is indicated. 
by Peachey  (9),  the thickness of sections used  in  this 
work was  estimated  to  be  less  than  600  A.  Sections, 
mounted on grids filmed  with carbon,  were stained  in 
most  cases  with  lead  hydroxide  for  30  minutes  (10) 
and  then  sandwiched  by covering with a  thin  film  of 
formvar  (11). Micrographs  were  made  with  the  Sie- 
mens Elmiskop I  microscope at an acceleratieg poten- 
tial  of  80  kilovolts,  using  the  double  focusing  con- 
denser and an objective aperture of 25 micra. 
RESULTS 
Observations  will  be  presented  which  support 
the  conclusions  that  associated  with  the  nuclear 
envelope there  exists  a  structure  having  complex 
morphology, but  which  is approximately cylindri- 
cal in  form, and  that  in cross-section these struc- 
tures  present  annular  appearances.  Neither  of 
these concepts is new, but both have been accepted 
to  varying  degrees  by  a  number  of  investigators 
(3, 7,  12). This approximately cylindrical structure 
we will refer to as the pore complex. In general,  in 
the  following  description  we  will  tend  to  use 
"cross-section  of  the  pore  complex"  rather  than 
the  term  "annulus"  because  of a  difficulty which 
arises. Specifically, the cross-sections will be shown 
to have different structures  depending  upon  their 
level  with  respect  to  the  nuclear  envelope,  the 
difficulty  being  that  these  differences  are  not 
implied by the term annulus.  Circular gaps in the 
nuclear  envelope,  most  clearly  observable  in  sec- 
tions perpendicular  to the nuclear surface,  will be 
denoted as pores and the space between the nuclear 
membranes  as  the  perinuclear  space  (2).  Our 
description of the pore complex will be divided into 
two  parts:  appearances  in  sections  perpendicular 
to the nuclear surface, and appearances in sections 
nearly tangential to the nuclear surface.  Although 
thick  sections were examined  in  the course of the 
work,  most  information  was provided  by sections 
less than 600 A in thickness as estimated by inter- 
ference colors (9).  Such sections are represented in 
the micrographs included. A schematic diagram of 
the pore as seen in perpendicular sections is shown 
in Text-fig. 1. 
Pores, formed by junction of the inner and outer 
nuclear membranes (2)  are a  frequent finding. The 
width of such gaps, variable in sections apparently 
because  of  differences  in  the  level of  the  section 
with respect to the center of the pore, ranges from 
about 400 to about 1000 A (Figs. 3 to 6). The maxi- 
mum  value  is  rather  definite  and  an  appreciable 
fraction  of  pores,  oriented  with  the plane  of  the 
pore  perpendicular  to  the  direction  of  cutting 
(thus  avoiding  effects  of  compression)  and  the 
center of  the pore  near  the center  of  the  section, 
has a width in the range of 900 to 1100 A  (Fig. 5). 
Pore margins are most apt to be indistinct in pores 
which appear small in sections  (Figs. 3, 4, and 6), 
thus supporting  the view that  such  "small" pores 
are  sufficiently  off-center  so  that  the  entire  pore 
width  is  not  included.  In  favorable  examples  of 
off-center pores,  a  "face view" of the pore margin 
is obtained in which the pore margin extends with- 
out break  from one side of the pore image to  the 
other.  Such an appearance  is seen in Fig. 4 where 
the  section  was  thick  enough  (ca. 600 A)  so  that 
profiles of the inner and outer nuclear membranes 
can also be seen extending across  the pore image. 
In thick sections such appearances are not uncom- 
mon and  sometimes give the  impression  that  the 
pore is bridged by membranes.  Vesicular elements 
apparently  closely associated  with  the  inner  and 
outer  membranes  can  also  be  seen  in  the  micro- 
graph  (Fig. 4). These may arise from some sort of 
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Occasionally, even in thin sections, pores appear 
to be bridged with rather well defined material of 
density comparable to that of membranes (Fig. 6). 
However, no example has been found in whidl it 
could  be  stated  with  confidence  that  the  pore 
actually  was  bridged  by  nuclear  membranes. 
Either  this  high  density  material  represents  a 
definite bridging structure or it is possible that in 
such examples the pore is not centered on the sec- 
tion  so  that  a  strip  of  somewhat  irregular pore 
margin is included from one side  to  the other as 
described above. The difficulty of finding in thin 
sections  satisfactory  examples  of  membranous 
bridges across  pores leads us to  conclude that  in 
the  tissues  of  the  rat  we  have  examined  they 
rarely, if ever, exist.  As will be noted later, there 
tends to be, however, a concentration of structure 
within the pore at the level of the nuclear envelope. 
At  low  magnifications,  the  sites  of  pores  in 
perpendicular sections are  invariably marked  by 
regions of low density within the nucleus. When the 
plane  of  sectioning  is  favorably  oriented,  these 
regions can be seen as channels extending into the 
nucleus for distances of a micron or more (Fig. 1). 
Such channels tend to lose  their identity as  they 
penetrate  deeply  into  the  nucleus  where  they 
appear to join less organized regions of low density. 
These  channels course  through  masses  of  higher 
density material and, close to the nuclear surface 
where they are most sharply outlined, have widths 
in  the  range  of  1000 to  1500A.  We  anticipate 
briefly at this point to note that a similar situation 
is found in sections nearly tangential to the nuclear 
surface. In such views  cross-sections  of the chan- 
nels seen in zone 4 (see Text-figs 2 and 3 and later 
description for definition of zone 4) show  them to 
be cylindrical near the  nuclear envelope (Fig.  2) 
and to have a  diameter of about  1500 A.  Within 
the circular channel profiles,  faint outlines of the 
intranuclear portion of the pore complex can often 
be seen.  As  one proceeds  into zone 5 in sections 
and deeper into the nucleus, outlines of  the pore 
complex disappear but the channel profiles persist, 
although becoming less regularly circular. It seems 
quite  clear  that  the  circular regions  are  end-on 
views  of  the  channels observed  in  sections per- 
pendieular to  the  nuclear surface  and  described 
above, and that the channels are, therefore, cylin- 
drical at least near the nuclear envelope. We will 
refer to these modifications of the nuclear contents 
as the inlranuclear  channels. 
The channels, although they have lower average 
density than much of the nucleoplasm, do contain 
material  that  can  be  resolved  in  sections.  This 
material appears to consist of chains or filaments 
with widths in the range of 50 to  150 A  (Fig.  3). 
The denser nucleoplasm bordering the channels is 
composed  of  similar  appearing  elements  which, 
however,  are  larger  and  perhaps  have  higher 
physical density. These elements reach widths of 
200 A.  In  some  areas,  it  can  be  imagined  that 
elements of  the  channel material are  continuous 
with denser nucleoplasmie elements (Fig. 4)~ how- 
ever,  since  the  thickness of  the  sections  is  very 
likely 200 A  or  more,  such apparent continuities 
may be the result of overlapping and superposition. 
In almost all pores examined in perpendicular sec- 
tions there is some increase in density of material 
at  the  waist  of  the  pore;  nevertheless,  channeI 
material  appears  to  pass,  in  many  examples, 
through the pore from the nucleus to the cytoplasm 
without interruption by a well defined  membrane. 
A small mass of channel material projects from the 
pore into the cytoplasm and is distinguished from 
the rest of  the cytoplasm by its different texture 
and by the absence from it of cytoplasmic organ- 
elles such as RNP particles (Figs. 3 to 6). The cor- 
tex of this channel projection is usually somewhat 
denser than the central region, and there may be a 
suggestion of linear arrays of material oriented per- 
pendicular to  the  nuclear surface  in  the  cortex. 
Details of  this  sort  are  shown in Figs.  3  and  6. 
Cells near the surface of embedded blocks of liver 
often show  a  characteristic  type  of  distortion in 
which  the cytoplasm is slightly retracted from the 
surface of the nucleus. In such areas, projections of 
channel material are still present, but usually por- 
tions of such projections are missing or reduced in 
amount so that the cortex and sometimes the core 
tends to stand out (Fig. 5). This appears to indicate 
that parts of  the cytoplasmic extrusions, perhaps 
by virtue of  linear organization and possible at- 
tachment to  the  outer nuclear membrane at  the 
margin of  the pore,  are more resistant to  the re- 
traction process.  Formations of this sort extending 
from  the pore into the cytoplasm were  described 
by  Afzelius  (3)  in  sea-urchin oocytes  where  the 
cortex  of  the  channel projections appears  to  be 
more strongly emphasized than in hepatic cells. 
Central granules are  occasionally noted  wthin 
cross-sections  of  the  pore  complex  (see below). 
Examination of  pores  in  perpendicular  sections. 
shows not infrequently a small, rather dense object 
in the center of a pore at the level of the pore mar- 
gin  (Figs.  3  and  5)  which  may  represent  this 
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We  will  now  consider  the  appearance  of  the 
nuclear surface as viewed in sections nearly tangen- 
tial  to  it.  We  have  described  details  of  the  pore 
structure and have shown the presence of channels 
whose contents appear to course uninterrupted by 
nuclear membrane from the nucleus into the cyto- 
plasm  through  the  pores.  An  extrusion  of  this 
material  into  the  cytoplasm  has  been  described. 
Although there appears to be some organization of 
the cortex of the extrusion which is mainly charac- 
terized  by  resistance  to  a  retraction  artifact,  not 
much  detail  of  interest  can  be  made  out  in  the 
channel  material  in  perpendicular  sections.  The 
discussion which follows will indicate that organi- 
zation  probably  does  exist  and  can  be  seen  in 
sections nearly  tangential to  the nuclear envelope. 
Before  proceeding  with  the  observations,  it  is 
desirable to have a  clear understanding of the way 
these complex structures will appear  in tengential 
sections.  One  can  establish  a  priori  five  zones  in 
such sections. These are shown in Text-figs. 2 and 
3  and  are  as  follows:  (1)  the  region  close  to  the 
nuclear surface but containing only cytoplasm and 
no  nuclear  membrane;  (2)  the  region  containing 
only  outer  nuclear  membrane  and  immediately 
adjacent space;  (3)  the intermediate region  which 
TExT-Fn;s.  2 and 3.  Schematic diagrams showing the expected appearance of the nuclear envelope in sections 
nearly tangential to the surface of the nucleus. Two situations exist: (1) for the case in which the section is thinner 
than the space between the membranes (Fig. 2)  and (2) for the case in which the section is  thicker (Fig. 3). The 
orientation of the section with respect to the nuclear  envelope  is  shown  in  perpendicular  view  in  Text-figs.  2 
A  and 3 A, while the appearance in tangential view is projected  below in Text-figs. 2 B  and 3 B.  Three  pores 
are included in the tangential views,  but it was possible to show  only  the  central  one  of these in  the perpen- 
dicular views.  Faint  lines are drawn down  from the perpendicular views  to  tire tangential ones to indicate the 
levels at  which  the nuclear membranes enter and  leave the sections. 
Zones, referred to in the text, are indicated on the tangential views by the numerals 1 through 5 and are as 
follows:  (1) the region containing only cytoplasm close to the outer nuclear membrane; (2) the region  containing 
outer  nuclear  membrane and  immediately  adjacent  space;  (3)  the  intermediate region  containing either only 
perinuclear space in thin sections or overlapping inner and outer membranes in thicker sections;  (4)  the region 
containing inner nuclear membrane and immediately adjacent space; and  (5)  the region containing only nucleo- 
plasm  close  to  the inner nuclear membrane. 
Pore margins (assuming the simple case of perfectly smooth margins) will be complete in pores present in zone 
3,  whereas the margins of pores in zones 2 and 4 will,  in general, not be complete, but will appear as crescents 
on the side of the pores which borders on zone 3. This situation is indicated for the three pores in Text-figs. 2 B 
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contains  either  both  membranes  or  only  peri- 
nuclear space, depending upon whether the section 
is  greater  or  less  than  the  perinuclear space  in 
thickness; (4) the region containing only the inner 
membrane and  immediately adjacent space;  and 
(5) the region close to the nuclear surface,  but con- 
taining only nucleoplasm and  no  nuclear  mem- 
brane.  The  five  zones  can  be  seen  in  electron 
micrographs and are indicated in Figs.  10 and  11 
for  the  two  cases  in which  the  section is greater 
than or less than the perinuclear space in thickness. 
At low magnifications, cross-sections  of the pore 
complex appear as annular formations which have 
somewhat  higher  density  than  either  their  sur- 
roundings  or  interior.  Annular  formations  are 
found in zones 1 through 4 and probably in zone 5, 
as well (Figs. 8 and 9). Cross-sections in zone 1 are 
most easily found in cells near the surface of  the 
tissue block where slight retraction of  cytoplasm 
from nucleus has taken place (Figs. 9,  13, and 17). 
In cells deeper within the block (Fig. 8), it is diffi- 
cult to find them perhaps because of masking by 
surrounding material. The annular appearance of 
cross-sections of the pore complex in zone 5 is in 
some  doubt  (see  below).  Channels, however,  do 
appear in cross-section in zone 5, and in perpen- 
dicular sections, channel material extends from the 
cytoplasm into the nucleus. It is concluded, there- 
fore,  that the pore complex is a  three-dimensional 
structure which extends for an appreciable distance 
on either side of the nuclear membrane and which, 
in cross-section,  has an annular appearance at all 
levels from the cytoplasm just outside the nuclear 
envelope probably into the nucleoplasm just inside 
the  nuclear  envelope.  The  minimal  center-to- 
center  spacing of  annular cross-sections  encoun- 
tered in rat hepatic cells is about 1500 A. 
A number of structural details can be discerned 
in cross-sections  of  the pore complex at different 
levels near to and in the nuclear envelope which we 
will now describe. The most clearly defined struc- 
ture is found primarily in zone 3.  This is an ap- 
proximately circular, membrane-like  profile having 
a  diameter  of  about  1000  A  (Figs.  12  and  13). 
This circular profile  is  most  usually complete in 
cross-sections in the center of zone 3. In zones 2 or 
4 only part of the profile  may be present (in thin 
sections) and will then appear as a crescent usually 
on the side toward zone 3 (Fig. ll). The profile is 
generally entirely absent in the peripheral parts of 
zones 2 and 4 and is never present in zones  1 and 
5, These conditions can be met if the circular pro- 
file  is  located  in  the  region  between  the  two 
nuclear membranes at the level of the perinuclear 
space.  The simplest interpretation and the one we 
adopt is that the circular profile  is a  plan view of 
the pore margin (cf.  Text-figs.  1 to 3).  It is occa- 
sionally found in nearly tangential sections as  a 
clear,  fairly smooth circle  (usually oval in sections 
due to compression)  (Fig. 12, right). Often, however, 
the outline is not so simple,  but appears wavy or 
ruffled  (Figs.  12, left and 13, right). In such cases, 
nevertheless, there is still a rather definite, average 
diameter of about 1000 A. 
Within  the  limits  of  the  pore  margin,  many 
cross-sections  of the pore complex display irregular 
profiles  of somewhat lower  density than the pore 
margin. These  forms,  having dimensions on  the 
order of 100 A, may be closely apposed to the pore 
margin  (Figs.  14  and  15)  or  may  be  distributed 
throughout the central region. The image is diffi- 
cult to interpret, but may, in some cases, represent 
finger-like projections of the pore margin. In other 
cases,  we suggest that the inner profiles  represent 
linear organization of channel material in a direc- 
tion parallel  to  the  channel axis  which,  perhaps 
because of unfavorable orientation fails to show up 
in perpendicular sections.  In  general,  profiles  of 
this sort within the pore margin are most distinct 
in  zone  3.  At  the  same  level,  and  presumably 
associated  with  the  inner  profiles,  an  irregular 
central granule or  density is  sometimes  encoun- 
tered  (Figs.  8 and  9).  Such granules have previ- 
ously been described by others  (3, 13). From the 
above  observations,  it  appears  that  there  is  a 
concentration of  organized  material  within  the 
channels at the level of the nuclear envelope. 
Cross-sections Of  the  pore  complex completely 
in zone  1 present a  rather different picture. The 
approximately annular form persists,  but is com- 
posed of somewhat diffuse and often highly irregu- 
lar material  (Figs.  13,  15, and  17). A  number of 
nearly  circular  spots  of  low  density  and  about 
150 A in diameter are present in the periphery of 
the cross-section  between which  extensions of the 
diffuse material run inwards toward the center. In 
such cases it can be imagined that eight such spots 
are present. We will refer  to the cytoplasmic por- 
tion of  the pore  complex  as  the cytoplasmic  cu  5. 
Nearly  tangential sections which  are  sufficiently 
thick will include a  certain amount of cytoplasm 
superimposed over cross-sections  of the pore com- 
plex which happen to be located in zones 2, 3, and 
even  4.  In  such  cases,  the  cytoplasmic cuff  de- 152  NUCLEAR ENVELOPE  OF ANIMAL CELL 
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TExT-Fro. 4.  Schematic view showing the general appearance of the pore complex when sectioned at various 
levels with respect to the nuclear envelope. Cross-sections of the pore complex in zone 1 are characteristically 
rather diffuse  in structure and do not contain membranous profiles.  There is some suggestion of eight units dis- 
posed  around  the cross-section.  The outer diameter of the cross-section  at  this level is somewhat  greater  than 
that of the pore margin.  In zones 2 and  4, portions of the pore margin are present on the zone 3 side, while in 
zone 3  the entire margin is present.  Cross-sections  at  the level of the nuclear envelope contain  thin,  irregular 
profiles  which, in some cases,  may represent finger-like  incursions of the pore margin extending in towards  the 
center.  In zone 5,  the annular  appearance is rapidly lost with distance into the nucleus, but the circular cross- 
sections of the intranuclear  channels are usually distinct. 
scribed  above  as  occurring  in  zone  1  in  thin  sec- 
tions  will  also  be  superimposed  on  the  cross- 
section.  It is thought  that  the cytoplasmic cuff is 
the  principal  contributor  to  the  thickness  of 
"annuli"  at  low  magnification  (3)  and  that  it  is 
also  responsible  for  the periodic  octad-like  struc- 
ture  which  has  been  described  in  such  annular 
formations  (7).  We  have  implied  in  the  above 
descriptions that  the  cuff is  a  purely  cytoplasmic 
portion  of  the  pore  complex.  This  conclusion 
is  based  on  the  location  in  zone  1  of  cross- 
sections of the cuff. Such a picture will be obtained 
from  material  projecting  above  the  average level 
of  the  outer  membrane  into  the  cytoplasm.  It  is 
not known whether the cuff material is purely that 
which  projects  from  the  channels  into  the  cyto- 
plasm  or  whether  it  includes outer  nuclear  mem- 
brane. The latter possibility exists if the rim of the 
pore  in  question  is  somewhat  elevated  above  the 
average level of  the outer  membrane.  Such eleva- 
tions  are  occasionally  seen  in  perpendicular  sec- 
tions,  but  do  not  seem  to  be  common  enough  to 
account for the number of zone 1 cross-sections we 
have observed. 
As we move from zone 4 into zone 5 and deeper 
into the nucleus,  the annular  appearance  of cross- 
sections of the pore complex tends to be lost. Since 
the  inner  limit of  the  inner  nuclear  membrane  is 
usually obscured by dense nucleoplasmic material, 
it  is  often  difficult  to  locate  with  certainty  the 
boundary  between zones 4  and  5.  However, there 
is  frequently  a  suggestion  of annular  structure  in 
cross-sections of the pore complex in what is prob- 
ably zone 5 (Fig. 8), while there is no question of it 
in zone 4  (Figs, 8 and  14).  Details of the structure 
are much more diffuse, but resemble what is found 
in zone 3.  General features of cross-sections of the 
pore-complex  are  shown  schematically  in  Text- 
fig. 4. 
We have so far confined ourselves to a  descrip- 
tion of the pore complex and the nuclear channels. 
There  is,  however,  another  observation  of  impor- 
tance which has  not yet been touched upon.  This 
resulted from the ability of lead hydroxide staining 
to  emphasize  greatly  two  sorts  of  cytoplasmic 
particles  (10).  One  of  these  particles,  of  variable 
shape and size ranging from about  100  to 500 A in 
diameter,  is  characteristically  made  up  of  small, 
dense  granules  (Figs.  4  and  6)  and  is  thought  to 
represent  deposits  of  glycogen  (10,  14,  15).  We 
mention  it only  to differentiate  it from  the other 
sort  of  particles,  130  to  170  A  in  diameter,  of 
homogeneous  consistency,  often  associated  with 
membranes  of  the  endoplasmic  reticulum.  Such 
particles  have  been  described  in  considerable  de- 
tail  by  Palade  (16).  Palade  and  Siekevitz  have 
isolated particles of  these dimensions from micro- 
somal  fractions  of  rat  liver  treated  with  sodium 
deoxycholate  (17)  and  from untreated  postmicro- 
somal  fractions  of  guinea  pig  pancreas  (18)  and 
found  them  to be rich in  ribonucleic acid  (RNA) 
in  combination  with  a  protein.  Because  of  these 
observations and  the fact that  they are most  fre- 
quently  found  in  the  basophilic  regions  of  cells 
(16), we are led to refer to them as ribonucleopro- 
tein particles. There are indications, however, that 
RNA may be present in the cytoplasm of cells in 
other  forms. Thus,  there  is evidence that  a  small 
but definite fraction of cytoplasmic RNA is soluble 
(19),  and  RNA  has  been  found  associated  with MICHAEL L.  WATSON  153 
certain membranes which appear to be agranular 
(20). 
Aggregations of  RNP  particles  at  the  nuclear 
envelope of  cells have been a  frequent finding in 
this work.  Such aggregations most often take the 
form of arrays of equally spaced particles ranging 
in length and complexity from crescents of a  few 
particles to spirals of more than one turn (Figs.  16 
and  17). In  our  material,  complete  circles  of 
particles have not been found. The general dimen- 
sions  of  spirals  and  crescents  resemble  those  of 
cross-sections  of the pore complex,  while the spac- 
ing between the particles is similar to that of the 
ill defined periodicity of eight around the annular 
cross-sections.  Spirals  diverge  rapidly  after  the 
sixth or seventh particle from the center. It is not 
yet known how closely apposed to the outer nuclear 
membrane these arrays of RNP particles are, but 
their location is nearly tangential sections in zones 
1  and  2  suggests  very  intimate contact.  Fig.  7 
shows  RNP  particles  which  are  apparently  at- 
tached over a wide zone at the base of each particle 
to  the  outer  membrane.  This  may  represent  a 
crescent  of  particles  viewed  on  edge.  It  is  also 
possible to  find particles which  are  not touching 
the  outer  membrane, but are  spaced  from  it  by 
less than a particle diameter. 
The  similarity of  the  dimensions of  crescents 
(and  spirals)  with  those  of  cross-sections  of  the 
pore  complex  leads  one  to  look  for  association 
between the two. Close examination of these arrays 
has, however, failed to show  clearly the presence 
of an underlying annulus. Since it might be argued 
that an underlying annulus would be so obscured 
by the RNP particles as to be difficult  to identify, 
many perpendicular sections showing pores  were 
examined.  In  such  sections  pores  rimmed  with 
RNP  particles would  be  flanked by particles on 
either  side  or,  in  thick  sections,  bridged  by  an 
array of  them.  In no case  was it possible to find 
such a situation. We must conclude, therefore, that 
either  there  is  no association between pores  and 
particles or, if there is one, it is fleeting or difficult 
to recognize.  We are inclined, at present, to favor 
the latter possibility. 
DISCUSSION 
The  idea of  tubular structures associated  with 
pores in the nuclear envelope was first clearly ad- 
vanced by Afzelius  (3). He found, as we have (2), 
that  the width of pores in perpendicular sections 
was considerably less than the diameter of annular 
cross-sections  in  nearly  tangential sections,  and 
concluded that the annular formations were cross- 
sections of what we consider here to be the cortex 
of intranuclear  channel material and of cytoplasmic 
channel extrusions.  We  have  also  found  in  the 
present work "small" pores, but now consider that 
this apparently small diameter occurs only in pores 
which  are off-center in the section and, therefore, 
only partially included, or perhaps in pores where 
finger-like incursions of the pore margin may exist. 
An appreciable fraction of pores seen in perpendic- 
ular sections have a  width in the range of 900 to 
1100 A  which  is  consistent with  the  diameter of 
what is interpreted as the profile of the pore margin 
in nearly  tangential sections.  In partial  keeping 
with  the  suggestion of  Afzelius,  however,  is  our 
tentative conclusion that  the  cytoplasmic cuff  is 
the  cross-section  of  the  cytoplasmic extrusion of 
channel material.  We  have  been  unable to  find 
convincing evidence for  the  existence  of  a  mem- 
brane covering most pores and appearances which 
seem  to show such a membrane in low magnifica- 
tion micrographs can in many cases  be explained 
as off-center positioning of the pore in the section. 
This  interpretation is  based  mainly on  observa- 
tions at high magnifications and consequently at 
high beam intensities. It is possible, therefore,  that 
some of the apparent membranes described in low 
magnification micrographs are actually present as 
claimed and that  such material is removed from 
the section by exposure  to high beam intensities. 
Such  membranes,  however,  would  be  different 
from  nuclear  membranes  which  are  not  so  ex- 
tracted. 
A  central granule or  density is  noted  in some 
cross-sections  of  the  pore  complex  (3),  and  has 
been found in the present work.  Lead  hydroxide 
staining, which so strongly emphasizes the  RNP 
particles,  does  not,  however,  appear  to  have  a 
corresponding effect  on the  central granule. This 
suggests that the central granule is different from 
RNP particles. 
There are a  number of reports in the literature 
concerning the presence of  RNP particles on the 
outer nuclear membrane and suggesting an associ- 
ation between these particles and cross-sections  of 
the  pore  complex.  Gall  (5)  noted  small,  dense 
particles  which  rimmed  annuli  in  the  nuclear 
envelope of  Triturus  oocytes,  and proposed  that 
these  might  be  particles  containing RNA.  We 
described earlier  (2)  the presence at  the  nuclear 
envelope of  RNP particles arranged in "circles." 154  NUCLEAR  ENVELOPE  OF ANIMAL  CELL 
Present findings, in which  contrast  is  much  en- 
hanced  by lead  staining, indicate that  circles  of 
particles  probably  do  not  exist  in  the  material 
examined,  but  only  crescents  or  spirals.  Such 
aggregations  were  also  described  by  Swift  (12) 
who found projections from the nuclear surface of 
pancreas acinar cells  which he  thought might be 
"annular tubules" and  which  "clearly contained 
particles  on  the  outer  surface"  In  the  present 
study we are not able to present convincing evi- 
dence  that  RNP  particles  are  closely  associated 
morphologically with the pore complex.  However, 
investigations as yet incomplete suggest that such 
an association may indeed exist. 
Our observation of intranuclear channels of low 
density  material  extending  from  pores  at  the 
nuclear envelope into the nucleus between masses 
of  higher  density material is  in  agreement with 
Swift  (12).  He  suggested that the higher density 
material might be chromatin. This interpretation 
is supported  by Moses who  finds that pores  are 
not present in spermatocytes near the attachment 
to the nuclear envelope of the chromosomal axial 
complex  (21,  and  private  communication).  In- 
stead, they are arranged approximately in a circle 
just outside  the  cloud of  deoxynucleic acid-con- 
taining material which  surrounds the  axial com- 
plex. 
CONCLUSIONS 
We will summarize these observations and inter- 
pretations as follows:  The nucleus is enclosed  by 
an  envelope  consisting  of  two  roughly  parallel 
membranes spaced  apart by 200 to 300 A. Nearly 
circular fenestrae or pores about 1000 A in diam- 
eter are present in this envelope in large numbers 
and are formed by junction of the inner and outer 
membranes around the periphery of the pore. The 
nucleoplasm of cells when viewed in osmium-fixed 
material at low magnifications consists of masses 
of moderate density separated by regions of lower 
density. Near the nuclear envelope the low density 
portion of the nucleoplasm is disposed  in cylindri- 
cal  channels  about  1200  A  in  diameter  which 
course inward toward the center of the nucleus and 
gradually anastomose  and  lose  their  identity in 
more  generalized regions of  low  density. At  the 
nuclear envelope, each of these channels is associ- 
ated with one of  the pores.  The contents of each 
channel passes  through  its  pore  and  enters  the 
cytoplasm where it forms a small extrusion. There 
is a  complex organization of channel material, of 
the cortex of the cytoplasmic extrusion, and of the 
pore margin into a radially symmetrical formation. 
The  entire  assembly of  extrusion,  channel,  and 
pore appears sufficiently well  differentiated to be 
classed as an anatomical unit for which we propose 
the  name pore complex. Crescents and spirals of 
RNP particles are present at the cytoplasmic sur- 
face of the nucleus and may actually be attached 
to  the outer nuclear membrane. These arrays of 
particles match the annuli in structure to a certain 
extent, although direct association between RNP 
particles and pore  complex has not been demon- 
strated. 
In  view  of  these  and  previous  findings,  the 
classical  distinction  between  cytoplasmic  and 
nuclear regions of the cell, hitherto so clearly de- 
fined, becomes rather unsatisfactory. Connections 
between the  inner and outer  nuclear membranes 
and between the outer membranes and elements of 
the  endoplasmic  reticulum  together  with  other 
considerations have led to the idea that the nuclear 
envelope  is  actually  a  specialized  cytoplasmic 
structure and that  it is  not properly part  of  the 
nucleus. Although it accompanies nuclei isolated 
from cell homogenates, we regard it as an unavoid- 
able cytoplasmic contaminant. Finally, it may be 
noted that the nuclear envelope is not always essen- 
tial for the maintenance of the nucleus because it 
disappears  during  cell  division and  because,  in 
bacteria, nuclear material resides  in ceils  having 
apparently  no  internal  membrane  system.  The 
channel material associated with the pore complex 
is free  of membranes which are characteristically 
cytoplasmic and  has,  instead,  the  rather  vague 
structure  typical  of  the  nucleoplasm.  However, 
the  channel  material  is  found  not  only  in  the 
nucleus, but also in the cytoplasm as an extrusion. 
In the pore complex,  we have defined a formation 
in the cell which contains both nuclear and cyto- 
plasmic elements. Thus,  the  difficulty of  distin- 
guishing nucleus from cytoplasm becomes a double 
one. The envelope of  the  nucleus belongs to  the 
cytoplasm  and  is  penetrated  by  material  from 
within the  nucleus which  extends into the  cyto- 
plasm.  The  lack  of  satisfactory  evidence  for  a 
membrane covering the surface of pores does  not 
necessarily lead to the inference that free diffusion 
of materials can occur through the pores. The high 
degree  of  structural  organization  imperfectly 
suggested by our observations leads us to empha- 
size  our  earlier  conclusion that  any  passage  of 
materials which may take place through the pore MICHAEL L.  WATSON  155 
complex is probably controlled and not a  random 
process. 
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EXPLANATION  OF  PLATES 
PLATE 91 
FIG.  1. An equatorial section through the nucleus of a  rat pancreatic acinar cell. Sites of pores in  the nuclear 
envelope are marked  by the presence of channels of low density extending from the surface of the nucleus into 
its interior. In one case (arrows), a  considerable length of channel is included in the section. The channels seem 
to be continuous with more generalized regions of low density in the interior of the nucleus. Cytoplasmic channel 
extrusions can be faintly discerned at some of the pores. "Bridges" appear across two pores (a and b)  which are 
thought to be off-center in the section (cf. Figs. 4 and 6).  X  60,000. THE  JOURNAL  OF 
BIOPHYSICAL  AND BIOCHEMICAL 
CYTOLOGY 
PLATE  91 
VOL. 6 
(Watson : Nuclear envelope of animal cell) PLATE  92 
FIG.  2.  An oblique section through the nucleus of a  rat  hepatic cell.  Numerous cross-sections of channels are 
visible throughout the nucleoplasm as pale,  circular regions having a  diameter of about  ~500 A.  In  a  number of 
these, faint, annular cross-sections of the pore complex are visible (arrows), while in two of them a  central density 
can be observed (d). The minimum center-to-center spacing of the [)ale circular regions, about 1500 A, is somewhat 
less than their diameter and corresponds to the minimum spacing of annular cross-sections observed in other sec- 
tions. An irregular region of low density near the center of the nucleus represents more generalized material per 
haps continuous with thc channels. X  60,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  92 
VOL. 6 
(Watson: Nuclear envelope of animal cell) PLATE 93 
Fro.  3.  Section perpendicular to  the nuclear  surface of a  rat  hepatic cell.  A  pore whose edges are somewhat 
indented into the nucleus (n) is shown. This pore section has a width of about 650 A so that the pore is considered 
not to be centered in the section. Channel material extends without interruption by a  membrane from the nucleo- 
plasm to the cytoplasm. There is, however, a slight increase in density across the waist of the pore. Approximately 
in the center of the pore is a  small object of relatively high density (arrow) which may represent a  granule some- 
times noted in the center of cross-sections of the pore complex. X  240,000. 
FIG. 4. Section perpendicular to the nuclear surface of a  rat hepatic cell. The pore shown here was sufficiently 
off-center in the section so that a strip of pore margin is included enface extending from one side of the pore image 
to  the other. Profiles of the inner and  outer nuclear membranes sandwich this strip of pore margin and  outline 
its cytoplasmic and  nuclear edges. A  faintly headed or vesicular formation is associated  with  these profiles and 
probably represents a  blebbing within the structure of the  membranes.  Channel material is  rather well defined 
both inside the nucleus and in  the cytoplasmic channel extrusion.  The channel material and  the denser nuclear 
material have the appearance of loosely joined chains or filaments of variable width in the range of 50 to 200 A. 
The  dense nuclear  material  is  considerably  larger  and  perhaps  intrinsically  denser  than  the  channel  material. 
There is some suggestion that elements oi the two types of material are continuous with one another at the edges 
of  the  channel  (arrows).  However,  this  may  be due only to fortuitous overlapping of structure in  the section 
Accumulations of presumptive glycogen are indicated in the cytoplasm (g).  X  240,000. THE  JOURNAL OF 
B~PHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  93 
VOL. 6 
(Watson: Nuclear envelope of animal cell) })LATE 94 
FIG.  5.  Section perpendicular to  the nuclear surface of a  rat  hepatic cell. This pore is about  1000  A  in width 
and  is  representative of the  maximum  pore size found  in  an  appreciable number  of examples in  thin  sections. 
The cytoplasmic region immediately outside the nuclear envelope is markedly empty due to  retraction of cyto- 
plasm from nucleus (n) during preparation. The cortex and centlal portion of the channel extrusion are, neverthe- 
less, retained. A small dense profile is noted in the center of the pore (arrow).  X  240,000. 
FIG.  6.  Section perpendicular to the surface of the nucleus (n) of a  rat hepatic cell. This pone shows a  not un- 
common  appearance  of being  bridged.  Two  irregular,  moderately  dense strands  of material  extend  across  the 
pore. These strands are somewhat less dense than the nuclear membranes which suggests that, if they are exten- 
sions of the membranes, they do not span the entire thickness of the section  (less than  1000  A)  and,  therefore, 
do not entirely cover the pore.  A  more likely explanation is that  this is an  off-center pore  (of.  Fig. 4)  in  which 
tangentially cut pore margin is included. In support of this, the left hand boundary of lhe pore is poorly defined 
and therefore possibly oblique to the plane of the section. Channel material is more or less clearly visible. X  240,000. 
Fro. 7. Section perpendicular to the surface of the nucleus (n) of a rat hepatic cell. A chain of six RNP particles 
appears in the left side of the field at the outer nuclear memhrane. The particles are attached to the cytoplasmic 
side of this membrane on which they appear to be slightly spread out. This assembly may represent an edge view 
of a  crescent or spiral of RNP particles (Figs.  16 and  17).  X  240,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  94 
VOL. 6 
(Wm~nn: Nuclear envelope of animal cell) PLATE 95 
FIO.  8.  Nearly  tangential section of a  rat  hepatic cell nucleus.  Cross-sections of the pore complex are clearly 
present in zones 2 through 5. Elements in zone 1, although present, are difficult to discern because of a background 
of cytoplasmic matrix c]ose to  the outer nuclear membrane. Irregular outlines can be seen within the interior of 
some of the annular  cross-sections. A  central granule  (cg)  appears  within  two of the cross-sections. In zone 4, 
dense nuclear material is characteristically spaced evenly away from the annular part of the cross-section of the 
pore complex (arrow) and  thus outlines a channel. X  42,000. 
FIG.  9.  Nearly  tangential section of a  rat  hepatic cell nucleus showing further details of the sort described in 
the previous micrograph. Retraction of cytoplasm from nucleus in this cell discloses the presence of zone 1 cross- 
sections (arrow).  One annular  cross-section shows clearly a  central granule  (cg)  which is somewhat smaller than 
RNP particles in the field. Outlines of the nuclear membranes are rather clear in this micrograph and are shown 
at higher magnification in Fig. 11.  X  42,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  95 
VOL. 6 
/Watson: Nuclear envelope of animal cell) PLATE  96 
FIG.  10.  Nearly  tangential section of a  rat hepatic ceil nucleus. This section was thinner than  the perinuclear 
space so that zone 3 consists entirely of perinuclear space (see Text-Fig. 2).  Three annular cross-sections are pres- 
ent approximately in zone 3.  X  130,000. 
Fie.  11. Nearly tangential section of a  rat hepatic cell nucIeus (enlargement of Fig. 9). This section was thicker 
than  the perinuclear  space so that  zone 3  contains both  the inner and  outer nuclear membranes which  overlap 
and the space between them (see Text fig. 3).  Annular cross-sections of the pore complex which lie in zones 2 and 
4, bordering on zone 3,  contain only partial profiles of the pore margin  (pro)  which tend to lie on the zone 3  side 
of the cross-section. In the upper right corner are two annular cross-sections one of which straddles the t)oundary 
between zones 1 and 2 and the other of which is entirely in zone  1.  X  130,000. 
Numbers in the above figures refer to zones (of. Text-figs. 2 and 3). THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  96 
VOL. 6 
(Watson: Nuclear envelope of animal cell) PLATE  97 
FIG.  12.  Nearly  tangential section of a  muscle nucleus in rat  tongue. Two annular cross sections are included 
in zone 3  of this deeply infolded nucleus. The cross-section on the right shows an unusually smooth pore margin, 
while the one on the left is somewhat irregular and displays what are thought to be infoldings of the pore margin. 
X  270,000. 
FIG.  13. Nearly tangential section of the nucleus of an endothelial cell in rat liver. Two cross-sections are pres- 
ent,  the left one in zone  1 and  the right one in zone 3.  The pore margin of the zone 3  cross-section has not been 
sectioned squarely and is somewhat tilted especially at  the upper portion.  At the bottom is what might be inter- 
preted as a  fold in the pore margin. The cross-section which is almost entirely in zone  1 shows the characteristi- 
cally diffuse appearance of the cytoplasmic cuff. A  number of regions of low density (a)  are indicated in the cuff 
which are outlined  by diffuse higher density material.  It  is thought that  these low  density regions are the same 
as have been described by others as present in "annuli" and that the cytoplasmic cuff is the source of these forma- 
tions.  X  270,000. 
Flo.  14.  Nearly tangential section of the nucleus of a  rat  hepatic cell. Shown are two cross-sections of the pore 
complex, the one on the left in zone 3 and the one in the right in zone 4. In this nucleus, the spacing between the 
nuclear membranes was variable so that  regions of overlap  and of perinuclear space alone  (ps)  are  both present 
in zone 3.  The pore margin shows clearly in the zone 3  cross-section together with small vesicular elements which 
lie within and  closely apposed to it  (see also  Fig.  15).  It is not clear as to  the source of these elements, but they 
may represent incursions of the pore  margin. Such a  pore in perpendicular  sections might very likely appear  less 
than  1000 A  in diameter.  The cross section in zone 4  shows the limits of the intranuclear channel  as outlined by 
dense nuclear material.  This channel is approximately  1800 A  in  diameter.  X  130,000. 
Fro.  15.  Nearly  tangential  section of  the nucleus of a  rat  hepatic  cell.  Two  cross-sections are  located  on  the 
outer edge of the outer nuclear membrane and straddle the  boundary between zones 1 and 2  (upper left of micro 
graph). The right hand one of these two shows particularly well small,  circular regions of low density in the cyto 
plasmic cuff. In the center of the micrograph is cross-section in zone 3  which contains vesicular  elements within 
and apposed to the pore margin as described in the previous micrograph. A  number of crescentic arrangements of 
RNP particles are present.  X  130,000. 
Numbers in the above figures refer to zones (cf.  Text-figs. 2 and 3). THE JOURNAL  OF 
BIOPHYSICAL  AND  BIOCHEMICAL 
CYTOLOGY 
PLATE 97 
VOL. 6 
(Watson: Nuclear envelope of animal cell) PLATE  98 
FIG.  16.  Nearly tangential section of the nucleus of an odontoblast of rat  incisor. Striking arrays of RNP  par- 
ticles a rranged in chains and spirals are visible. A few cross-sections of the pore complex which are without particles 
are visible  (arrows).  There is no indication  that cross-sections underlie any of the arrays of RNP particles.  The 
dinaensions of the sharply curved  ends of the spirals and  the spacing between  the particles however, are similar 
to  corresponding dimensions of the cross-sections. This section was stained for  1 hour with a  saturated  solution 
of uranyl acetate.  X  50,000. 
Fro.  17.  Nearly tangential section of the nucleus of a  rat hepatic cell. The well deveh)ped  spirals  of  RNP  par- 
ticles shown here are not  typical of rat hepatic cells.  Usually, in  this tissue, only curved segments such as those 
shown on the extreme right  of this field  are  found. A  number of cross-sections of the pore  complex are  present 
in zones 1 and 2 which are definitely not associated with  the particles,  while  the particles themselves do not ap- 
pear to be associated with an underlying annular cross-section. As in the previous mlcrograph, the general dimen- 
sions of the spirals are similar to those of the cross-sections. There is also suggestion of untidily arranged elements 
about  the cross-sections in zone  1 which are similar in dimension to  the RNP particles and  their spacing. There 
appears to  be a  connecting thread between particles which lies near the inner edge of the spirals.  X  130,000. 
Numbers in the above figure refer to zones (of.  Text-figs. 2 and 3). THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  98 
VOL. 6 
(Watson: Nuclear envelope of animal cell) 